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We have determined the nucleotide sequence of both delta elements of a Tyl transposon inserted near the
CYC7 gene in the Saccharomyces cerevisiae CYC7-H2 mutant. The upstream delta element in this Tyl has an
unusual inverted repeat structure that may have been formed by an error during reverse transcription.
Ty transposable elements are a dispersed repeated gene
family in Saccharomyces cerevisiae (3). Ty elements are
similar to proviral forms of vertebrate retroviruses in struc-
ture (25), transcriptional properties (8), and gene organiza-
tion (4, 18). Both proviruses and Ty elements are bounded
by terminal repeats, called long terminal repeats or LTRs in
retroviruses and delta elements in Tyl. The terminal repeats
flank open reading frames which, in proviruses, encode gene
products involved in viral replication and, in Ty elements,
encode gene products presumed to be involved in transpo-
sition. Transcription from both proviruses and Ty elements
initiates in the upstream copy of the terminal repeat and
terminates in the downstream copy. Because of an overlap in
the positioning of the initiation and termination sites within
the terminal repeat sequence, the transcripts from both Tyl
and proviruses have a short terminal repeat. Finally, se-
quences analogous to those used in the priming of viral DNA
synthesis are also present in Ty elements. These are a tRNA
binding site at one internal boundary of the terminal repeat
(7, 24) and a polypurine tract at the other internal boundary
(25). A comparison of the structures of Tyl elements,
proviruses, and their transcripts is shown in Fig. 1.
It has recently been shown that transposition of Tyl
occurs by a mechanism involving reverse transcription of
Tyl RNA (2). In addition, evidence demonstrating a Ty-
encoded reverse transcriptase and Ty-related viruslike par-
ticles has been presented (13, 19). These observations draw
additional parallels with retroviruses, which generate the
DNA form of their genome by reverse transcription of
genomic RNA. Because of the similarities in the structures
of both the DNA and RNA forms of these elements, it is
likely that the steps involved in transposition by Tyl are
very similar to the well-characterized steps involved in the
synthesis of retroviral DNA. In characterizing the CYC7-H2
Tyl insertion mutation, we observed an unusual structure
for a delta element (10). Further characterization of this
element has led us to conclude that the unusual structure
may have been generated by a mistake during reverse
transcription.
The CYC7-H2 mutation in S. cerevisiae resulted from
insertion of a Tyl element into the noncoding region of the
CYC7 structural gene (9). We previously determined 1.5
kilobases (kb) of DNA sequence from the 5' end of the
CYC7-H2 Tyl (10). One unexpected result was the finding
that the 5' delta element is only 136 base pairs (bp) long
compared to the normal size of approximately 330 bp (Fig.
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2A). The truncated element has no sequences that corre-
spond to the U3 domain of a conventional delta sequence as
defined in Fig. 1. In an attempt to understand the origin of
the defect in the 5' delta element, we determined the
nucleotide sequence of the 3' delta element of the CYC7-H2
Tyl and compared it with the sequence of the truncated 5'
element.
Restriction fragments a-b, a-c, and b-c, which include
sequences from the 3' delta element of the CYC7-H2 Tyl,
were cloned into M13 vectors (Fig. 3). The nucleotide
sequence of the resulting clones was determined by the chain
termination method (1, 21, 22). The sequence of the 3' delta
element is shown in Fig. 2A compared with the sequence of
the truncated 5' delta element from the same Tyl and with
the 5' delta element from Ty912 (4, 11) as representative of
a typical delta sequence. Several points can be made based


















FIG. 1. Schematic structures for a typical provirus, a Tyl ele-
ment, and their transcripts. The important structural and genetic
domains are indicated by the following notations: LTR, long termi-
nal repeat sequence of proviruses; Delta, long terminal repeat
sequence of Tyl elements; Epsilon, internal domain of Tyl ele-
ments; U3, sequence at the 3' terminus of the RNA transcript that is
present in the long terminal repeat (excluding R); R, sequence
corresponding to the terminal redundancy at each end of the RNA
transcript (solid box); U5, sequence at the 5' terminus of the RNA
transcript that is present in the long terminal repeat (excluding R);
tRNA site (solid bar), binding site for the tRNA primer used to
initiate viral DNA synthesis; PPT, polypurine tract, the probable
primer site for synthesis of the second strand of viral DNA; gag,
coding region for capsid proteins; pol, coding region for reverse
transcriptase and endonuclease; env, coding region for envelope
glycoproteins; Tya, first open reading frame protein of Tyl; Tyb,
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FIG. 2. Comparison of delta sequences. (A) The truncated 5' delta sequence from the CYC7-H2 Tyl is compared with the 3' delta
sequence from the same Tyl and with the previously published 5' delta sequence from Ty912 (4, 11). Delta sequences are shown in capital
letters, and flanking sequences are indicated by lowercase letters. Dots are inserted in sequences as necessary to maintain alignment of
corresponding regions. Tic marks indicate identical bases between two delta sequences on adjacent lines. Asterisks above the CYC7 flanking
sequence indicate the 5-base pair duplication of host DNA that occurred upon insertion of the Tyl element (16). The polypurine tract (PPT)
in epsilon DNA at the 3' delta boundary (25) is indicated. The presumed tRNA binding site in epsilon DNA at the 5' delta boundary, as
identified by homology to the 3' end of the yeast initiator tRNA (7), is indicated. The major transcription start site (l) for Ty RNA in -the
5' delta element and the poly (A) addition site (I) for Ty RNA in the 3' delta element (8) are indicated. The center of the inverted repeat is
indicated by the long vertical line. The long horizontal arrows above the sequence of the CYC7-H2 5' delta element show the (imperfect)
inverted repeat which extends from the center of the repeat to flanking DNA sequence. A smaller repeat in the normal delta element, centered
at the same site, is shown by the short horizontal arrows above the other two elements. The smaller inverted repeat may have played a role
in generating the larger inverted repeat. (See the text.) (B) The inverted repeat structure of the CYC7-H2 5' delta sequence compared by
alignment of sequences reading away from the axis of symmetry. The CYC7-H2 5' delta sequence from position 270 to 337 in part A is shown































FIG. 3. Comparison of CYC7-Tyl junction fragrr
cloned and genomic CYC7-H2 gene. (A) Structure
CYC7-H2 region. Solid box, the CYC7 coding sequer
the delta sequence; double line, the epsilon sequenc
the flanking sequence. The solid triangles above the
cate the inverted repeat sequence in the 5' delta elei
the corresponding sequences in the 3' delta elemei
region designated (enh) encompasses the enhancer rej
element (10). The bar above the diagram indicat
KpnI-XhoI fragment that was used as a hybridizatior
Southern hybridization experiment shown in panel
below the diagram indicates the 5'-to-3' direction
CYC7 transcription. Restriction sites shown are: B,
(K), PstI (P), SphI (Sp), and XhoI (X). (B) Autoradic
ing cloned and genomic CYC7-H2 DNA. A 1-pLg sa
and PstI-digested strain E378-1A genomic DNA was (
0.4 ng of KpnI- and PstI-digested pAB35 plasmid
samples were fractionated by electrophoresis on 1%
TAE buffer (40 mM Tris, 5 mM sodium acetate, lm
7.9) at 1 V/cm. Conditions for Southern transfer and
were according to procedures described in reference I
size markers (lambda HindIII and 4X174 HaeIII I
indicated to the left of the autoradiogram. Marks
indicate positions expected for DNA fragments cot
either a 1.38-kb KpnI-PstI fragment encompassing a t
element or a 1.58-kb fragment encompassing a con)
element.
Tyl is normal; (ii) the insertion of the Tyl element into the
CYC7 locus apparently occurred normally since both the
normal and truncated delta elements are flanked by a 5-bp
direct repeat of cellular DNA, as expected for a Tyl trans-
(A) position event (11, 12); (iii) the sequences in the truncated 5'
delta element represent an inverted repeat centered at a
G X P position that is near the site that corresponds to the 5' end of
Ty RNA (8); (iv) the center of the inverted repeat is precisely
jLZ 1t at the same point as a short, imperfect, inverted repeat that
is present in normal delta sequences; and (v) the inverted
a b C sequence, which includes part ofR and all of U5, is joined to
cellular DNA. A direct comparison of sequences comprising
the inverted repeat of the 5' delta element is made in Fig. 2B.
l - l Sequences extending from the center of symmetry to the
500 b p epsilon junction (positions 270-337) are aligned with the
complement of sequences extending from the center of
symmetry to flanking cellular DNA (positions 269-202). The
alignment illustrates the presence of a perfect inverted
repeat for 43 bp beyond the short, imperfect repeat present
in normal delta sequences. It also shows there are seven
mismatches clustered near the end of the inverted repeat.
To show that the truncated delta element in the cloned
DNA fragment from CYC7-H2 was not generated during the
cloning step, we compared the size of a restriction fragment
that spans the truncated element both in the cloned DNA
from the plasmid pAB35 (9) and in genomic DNA from the
CYC7-H2 strain E378-1A. Figure 3A shows a physical map
of a portion of the CYC7-H2 locus as determined from
analysis of cloned DNA. When the cloned DNA was cleaved
with KpnI and PstI, a 1.38-kb junction fragment between the
CYC7 coding region and the Tyl element was released (Fig.
3B). If genomic DNA from the CYC7-H2 locus contained a
normal Tyl element, then the junction fragment should have
been 1.58 kb, a size difference that would have been resolved
in this analysis. However, we found that the size of the
junction fragment was the same in the genomic and cloned
DNAs. This result indicates that the alteration in the 5' delta
element occurred in S. cerevisiae before cloning.
The presence of a truncated delta element with an inverted
repeat in an otherwise normal Tyl element was an unex-
nents fron the pected observation. An explanation for the origin of this
nce open boxn structure is not immediately obvious. However, a plausible
ce; single line, explanation can be found by extending the analogy between
diagram indi- Tyl elements and retroviruses.
ment (left) and The origin of the long terminal repeat structure in retrovi-
nt (right). The rus DNA is intimately involved in the synthesis of viral DNA
gion of the Tyl (14, 25). The steps involved in this process are outlined in
.es the 0.4-kb Fig. 4A. Synthesis of the first strand of viral DNA is initiated
n probe for the on a genome-bound tRNA. Synthesis continues to the 5' end
B. The arrow of the template through the U5 and R regions (Fig. 4A, stepand extent of 1). The RNA template, in hybrid with DNA, is degraded bygill (G), KpnI
)gram compar- a DNA polymerase-associated RNase H activity, exposing
,mple of KpnI- the complement of the R sequence in the newly synthesized
compared with DNA. The complement of the R sequence in DNA pairs with
I DNA. DNA the copy of the R sequence at the 3' end of the template, and
agarose gels in synthesis continues along the length of viral RNA (step 2).
iM EDTA, pH The second strand of viral DNA is initiated at the U3
I hybridization boundary of the first DNA strand (step 3). The regions U3,
17- Positions of R, and U5 in the first strand are copied into duplex DNA,
Fraogmtehnts)are and synthesis continues into the first 15 to 20 bases of the
Ieontheringhto tRNA primer, which is attached to the 5' end of the first
runcated delta strand. The first strand terminates near the 5' end of the
ventional delta RNA template after copying the tRNA binding site; the
adjacent R and U5 regions in the template were previously
degraded by RNase H when in hybrid with the initial DNA
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FIG. 4. Models for the synthesis of normal and aberrant terminal repeats. The thin line represents RNA, and the thick line represents
DNA. The two ends involved in viial DNA synthesis can be contributed by circularizing a single viral subunit or by use of two viral subunits.
The short looped structure represents the tRNA primer, with the primer binding site designated pb. U3, R, and U5 are as indicated in the
legend to Fig. 1. R' and U5' are the complements ofR and U5 when present on the same strand to indicate an inverted repeat. pb' designates
the presence of a primer binding site sequence in the first strand of DNA. (A) Outline of the normal mode of retroviral DNA synthesis (14,
25). The individual steps are described in the text. (B) Proposed pathway for the synthesis of a viral long terminal repeat or yeast delta element
with an inverted repeat of the R and U5 sequence. Each step is discussed in the text.
the 3' ends of the first and second strands have complemen-
tary tails corresponding to the sequences in the tRNA and
tRNA binding site. These tails anneal (step 4), and synthesis
continues with the first strand using the short second strand
as template (step 5) such that the U3, R, and U5 domains are
duplicated to form a direct repeat at the ends of viral DNA.
The second strand is extended using the first strand as
template to give a duplex linear molecule (step 6).
An alteration in the scheme used by retroviruses could
account for the structure we observed in the Tyl of the
CYC7-H2 mutant. Since the right-hand delta structure is
intact, the error in synthesis may have occurred during the
final steps ofDNA synthesis. One possible scheme is shown
in Fig. 4B. If RNase H digestion removed only a portion of
the RNA from the 5' end of the RNA template after the
initiation event, extension of a first strand could still occur
(step 1), but synthesis would ultimately continue beyond the
tRNA binding site and into a portion of the R region (step 2).
This situation generates an intermediate with a normal right
end but an aberrant left end in which the first strand is
extended into R. The aberrant intermediate could not com-
plete synthesis normally due to the lack of complementary
tails involving tRNA sequences. Synthesis could continue if
the 3' end of the first strand folded back on itself to form a
hairpin (step 3). Synthesis could then continue into and
beyond the tRNA binding site (step 4). This scheme ac-
counts for the presence of an inverted repeat sequence in the
initial single-stranded products. The process is similar to one
described previously in which hairpin DNA synthesis at the
5' end of retroviral RNA was observed during DNA synthe-
sis in vitro (23). There is a short, imperfect, inverted repeat
(7 of 10 bases match) in the normal delta sequence which is
centered at precisely the same point as the larger inverted
repeat in the truncated delta sequence. The presence of the
short inverted repeat is consistent with the view that a
hairpin could have formed in this region, permitting foldback
synthesis (Fig. 2). According to this model, a perfect in-
verted repeat should be generated beyond the foldback
region. Figure 2B shows there is a perfect inverted repeat for
43 bp followed by a clustering of seven mismatches near the
end of the inverted repeat. Because of the clustering of
mismatches it seems unlikely that these differences are the
result of errors during reverse transcription. However, these
differences could have arisen by repair or recombination
events subsequent to the generation of the CYC7-H2 Tyl
structure.
While the above scheme may account for the origin of the
unusual delta structure, it does not account for the insertion
of the aberrant element into host DNA. As judged by the
direct repeat of cellular DNA flanking the element (Fig. 2),
the insertion event was apparently normal. We can suggest
two possible schemes for inserting this structure into the
chromosome. First, after synthesis past the tRNA binding
site, a second tRNA could be used, now bound to the DNA
and priming second-strand synthesis from the left end of the
molecule (Fig. 4B, step 5). This would provide a delta
boundary sequence in duplex at each end of the molecule,
although the left end would probably have a single-stranded
tail (step 6). The second possibility is that the hairpin
structure is used directly, perhaps by cleaving one strand
(the foldback strand) at the duplex region of the deltaItRNA
binding site boundary in a manner analogous to the cleavage
of retroviral DNA by the viral endonuclease (5, 6, 15). The
hairpin could then be unfolded to generate an end for
insertion. Both of these schemes for insertion invoke a linear
intermediate in insertion. However, a circular DNA could be
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used in insertion, as with retroviruses (20), in which case the
linear DNA structure would have to be repaired to a circle
before insertion.
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